Measurement error can occur at both the intra-and interobserver level, result in significant biases in collected data, and increase the likelihood of type II errors. We estimated the intra-and interobserver measurement error associated with 4 commonly used and 1 modified external metric in 4 representative Australian small-mammal species, using both preserved laboratory specimens and live wild-caught individuals. Measurement error was larger in live individuals and was significant in a number of cases in metrics that were difficult to define, were highly flexible, or were relatively small. Observer experience significantly affected precision, and overall, our modified hind foot metric (length of the hind foot, excluding the toes) performed similarly to the currently used metric. The number of replicate measurements significantly affected the size of detectable differences between observers, and we recommend that at least 2 replicate measurements per metric be taken as a matter of course.
Biologists are frequently interested in using body measurements or derived indices to answer questions in fields as diverse as taxonomy (Babik and Rafinski 2004; Crowther et al. 2003; Gannon et al. 2001; Gonçalves and de Oliveira 2004; Mariniello et al. 2004) , sex discrimination (Setiawan et al. 2004; Shephard et al. 2004 ) and sexual size dimorphism (Schulte-Hostedde and Millar 2000) , evolutionary ecology (Donnellan and Mahony 2004; Lihova et al. 2004; Lockwood et al. 2004) , estimates of body condition (Blackwell 2002; Krebs and Singleton 1993; Parker and Krockenberger 2002) , and the ecology of populations (Predavec and Dickman 1994; Shine et al. 2003; Wirsing et al. 2002) and communities (Cox et al. 2004; Snoeijs et al. 2002) . In most cases, the recorded measurements are assumed to be free of any measurement error, and differences between sampling units are taken to be biologically meaningful. Few studies have considered how measurement error may affect the use and interpretation of these data.
Measurement error can arise from a number of sources, such as novice observers or inherently flexible or ill-defined metrics (Bailey and Byrnes 1990) . The presence of measurement error can increase the risk of type II errors in inferential analyses (Jordaens et al. 2002; Palmeirim 1998) . Intra-and interobserver measurement error (variance) is typically negatively related to the mean value of the parameter, resulting in a larger percentage measurement error in small measurements (Palmeirim 1998; Pankakoski et al. 1987; Yezerinac et al. 1992) . Similarly, external measurements are generally more prone to measurement error than are skeletal metrics (Palmeirim 1998) . Interspecific variation in morphology may make some measurements unsuitable for comparisons between taxa even though many biological questions are concerned with small differences between individuals that are assumed to be biologically significant, such as fluctuating asymmetry (Hendrickx et al. 2003; Hunt et al. 2004 ) and variation in body condition (Wirsing et al. 2002) . Indeed, studies of fluctuating asymmetry constitute one of the few fields in biology where measurement error is explicitly considered (Merilä and Björklund 1995) . Finally, the nature of the specimen may also affect the magnitude of any measurements (Bininda-Emonds and Russell 1992; Gannon et al. 2001) , or potential measurement error. Live, conscious specimens may be more prone to measurement error than anesthetized or dead specimens. Hence, there is clearly a need to examine and validate any morphometric metric before it can be assumed free of significant measurement error and used to address biological questions.
In light of this, we had 3 main objectives: to investigate intra-and interobserver reliability in 4 commonly used smallmammal metrics in 4 species that differ in evolutionary origin, morphology, and body size; to compare the error associated with standard measurements compared with modified versions; and to compare the accuracy of standard and modified measurements between live individuals and dead specimens.
MATERIALS AND METHODS
We used 2 species of murid rodents from Australia, the house mouse (Mus domesticus, wild-caught near Moree, New South Wales), and the spinifex hopping mouse (Notomys alexis, caught in the Simpson Desert, southwestern Queensland); and 2 Australian dasyurid marsupials, the lesser hairy-footed dunnart (Sminthopsis youngsoni, caught in the Simpson Desert, Queensland), and the brown antechinus (Antechinus stuartii, caught in the Great Dividing Range, eastern New South Wales). Specimens were collected during other unrelated studies, either for studies of morphological variation or as unplanned trapping-induced deaths, and are in the collection of the Institute of Wildlife Research, The University of Sydney, Sydney, Australia. N. alexis and A. stuartii are similar in size (mass range 27-45 g and 17-75 g, respectively) and larger than M. domesticus (8-25 g) and S. youngsoni (9-14 g- Menkhorst and Knight 2001; Strahan 1995) . N. alexis has highly modified hind legs and a tuft of long hair at the tail tip, whereas the structure of the foot and ear in the dasyurids differs from that of the 2 rodent species. Specimens had been stored in 70% ethanol and before measuring were rinsed with tap water and toweled dry.
Three observers each recorded 5 different metrics on 10 individuals for each of the 4 species. The observers differed in their mammalhandling and measuring experience: 1 observer had 10 years experience with small-mammal handling, 1 had 10 years experience with bird handling and 3 years with small-mammal handling, and the 3rd observer had more than 40 years experience with invertebrate species, predominantly large terrestrial mollusks and arthropods. Measurements were taken following Cole and Woinarski (2002) , and included head length (''head,'' from tip of the nose to occipitals at the posterior margin of the skull); tail length (''tail,'' from posterior margin of the anus to tail tip, excluding hairs); ''right ear'' (from notch at the base of the ear to distal edge); and ''right hind foot'' (from back of the heel to tip of the middle toe, excluding the claw; Fig. 1 ). An additional measurement of the hind foot was also taken, ''right hind foot new,'' from the back of the heel to the anterior margin of the sole, excluding the toes. Most specimens had been stored for 3-5 FIG. 1.-Metrics commonly recorded for small mammals and examined in this study. Head, right ear, tail, and right hind foot are commonly used in small-mammal studies, whereas right hind foot new is an additional measurement examined in this study. Detailed definitions of the 5 metrics are given in the text. Diagrams are modified from Cole and Woinarski (2002) and Menkhorst and Knight (2001) . years, and a number had become stiff as a result of preservation. Consequently, head-body length was not measured, because the vertebral column of most specimens could not be straightened. The other measurements used in the study were based on more rigid structures (e.g., head length), or smaller discrete units (e.g., right ear), and were not affected by the preserving process in the same manner as head-body length. The tails of all measured specimens were still flexible and could be straightened for measurement where necessary. All metrics were measured to the nearest 0.1 mm using vernier calipers with the exception of tail, which was measured to the nearest 0.5 mm. For each specimen, each different metric was measured once in turn by each observer before repeating a 2nd and 3rd round of measurements, giving a total of 3 measurements for each metric for each observer and specimen. This prevented the observer's accuracy improving as a result of repeated successive measurement of the same metric. Taken together, 3 observers Â 5 metrics Â 10 individuals Â 3 measurements resulted in a total of 450 measurements per species. Two metrics (right hind foot and right hind foot new) also were measured on 10 live wild-caught A. stuartii, collected as part of a concurrent study (Graham 2003) . Only individuals that were caught on 2 successive days within a trapping session were included in the analysis. Field trapping of all species in the study was approved by The University of Sydney Animal Care and Ethics Committee, and was conducted in accordance with guidelines laid out in both the Australian code of practice for the care and use of animals for scientific purposes (Australian National Health and Medical Research Council 1997) and guidelines of the American Society of Mammalogists for the capture, handling, and care of mammals (Animal Care and Use Committee 1998) .
For each individual, right hind foot and right hind foot new were both measured once on each successive day by 2 observers (GLB and SMB), giving 2 replicate measurements for each metric. No. individuals were caught on 3 successive nights, thus limiting replication. Replicate measurements were not pooled across successive trapping sessions.
Statistical analysis.-Model II nested analyses of variance (ANOVA; PROC ANOVA in SAS 8.0-SAS Institute Inc. 2000) were used to investigate intra-and interobserver measurement errors. The contribution of intra-and interobserver measurement error to the total variance in the ANOVA was calculated following Palmeirim (1998) , after Bailey and Byrnes (1990) and Lougheed et al. (1991) . Intraobserver measurement error was represented by within-group variance (s within 2 ), which was estimated by the withinobserver mean square(MS within ), whereas interobserver measurement error was estimated in the nested ANOVA by s obs 2 (Table 1) . Percentage intraobserver measurement error was then calculated as
where s sp(obs) 2 is variance of specimen within observer, whereas percentage contribution of interobserver variation was given by % measurement error ¼ 100 Â ½s obs 2 =ðs within 2 þ s spðobsÞ 2 þ s obs 2 Þ: Table 1 ). F-ratios indicate significant differences between specimens within observers (F-specimen) and between observers (F-observer). Note only 2 observers measured wild-caught A. stuartii. CV ¼ coefficient of variation. Superscripts refer to post-hoc Tukeys least significance difference test for pairwise differences between observers for each metric and species. Values with the same superscript are not significantly different, while different superscripts denote significant differences.
ns ¼ not significant. were set at zero (Quinn and Keough 2002) . ANOVAs were computed for all 5 metrics for the specimens of the 4 species, and also for right hind foot and right hind foot new for the live wild-caught A. stuartii.
To investigate the effect of size of the metric on magnitude of measurement error, Pearson's correlation coefficients were calculated for both intra-and interobserver measurement error and the mean size of the corresponding metric using SYSTAT 9.0 (SPSS Statistical Software 1998). One-way ANOVAs based on the range of measurements recorded for each metric by the 3 observers were computed using PROC ANOVA (SAS Institute Inc. 2000) to determine if there were any significant differences in precision between observers and whether observer experience affected the size of the interobserver error. For each metric, we calculated the average range for the 3 measurements recorded from each specimen and repeated this for each of the 4 species. Interobserver repeatability was assessed using 1-way ANOVA, with the 4 species used as replicates.
The effect of increased replication on within-subject variance and interobserver measurement error was evaluated using Tukey's honestly significant difference (HSD), calculated in PROC ANOVA in SAS 8.0 (SAS Institute Inc. 2000). Tukey's HSD uses the studentized range statistic, which allows for multiple significance testing across a number of means (Quinn and Keough 2002) and the MS within to calculate the smallest significant differences between any 2 mean values for a given situation (Sokal and Rohlf 1995) . For each metric and for both laboratory specimens and live wild-caught A. stuartii, Tukey's HSDs between mean values obtained by the 3 observers were calculated using 1, 2, and 3 replicate measurements for each specimen, and the percentage reduction in HSD with increased replication was calculated.
RESULTS
The 2-way nested ANOVAs conducted on the 5 metrics and the 4 species partitioned the total variance by separating variance due to differences between individual specimens from that contributed by the 3 observers and measurement error ( Table 2) .
Intraobserver variability.-For the laboratory-measured specimens, intraobserver measurement error ranged from 1.72% (tail, M. domesticus) to 39.75% (right hind foot, S. youngsoni; Fig. 2a) , and was less than 10% in 10 of 20 species by metric investigations ( Table 2 ). The head metric had the smallest intraobserver error associated with it, ranging from 3.1% to 5.2%, whereas right ear and both right hind foot metrics had higher associated errors. For all metrics except tail, the 2 smaller species (M. domesticus and S. youngsoni) had larger measurement errors associated with them than did the larger species. Overall, a negative relationship was found between intraobserver measurement error and the mean for each measurement (r ¼ À0.442, P ¼ 0.052), with larger measurement error in metrics with smaller means.
Of the 2 different foot metrics, right hind foot had larger intraobserver measurement error than right hind foot new for the specimens, with smaller errors for all species when the metric excluded the toes. The 2 dasyurid species had larger measurement error associated with right hind foot than the 2 murids, whereas all species except N. alexis had similar levels of measurement error for right hind foot new (Table 2) .
For all 4 species, significant differences were found between the 10 specimens for all 5 metrics when intraobserver measurement error was taken into account, with P , 0.0001 in all cases (Table 2) .
Comparison with wild-caught live individuals.-For live, wild-caught A. stuartii, significant differences were found between individuals for right hind foot (F ¼ 3.23, d.f. ¼ 18, 40, P ¼ 0.007), but not right hind foot new (F¼ 1.94, d.f. ¼ 18, 40, P ¼ 0.08; Table 2 ) when intraobserver measurement error was controlled for. The intraobserver measurement error for the right hind foot and right hind foot new metrics was larger for wild-caught live individuals than for the comparable laboratory-measured specimens (Table 2 ; Figs. 2a and b) . There was no added variance component due to interobserver measurement error for either hind foot metric in live wildcaught A. stuartii.
Interobserver error.-Nested ANOVAs indicated that added variance components existed among measurements taken by the 3 observers for all metrics, although not for all species. In most cases the level of interobserver error was not significant (Table 2 ). The head metric displayed the smallest in- terobserver error, whereas right ear and both right hind foot metrics exhibited greater error. Significant differences were found between observers for right ear in S. youngsoni, right hind foot in M. domesticus and N. alexis, and for right hind foot new in S. youngsoni, A. stuartii, and M. domesticus (Table 2 ; Fig. 2b) . As with the intraobserver measurement error, a negative relationship was found between interobserver measurement error and the mean value for each metric (r ¼ À0.411, P ¼ 0.072). Although no significant relationship was found between intra-and interobserver error rates, the 2 metrics with the highest intraobserver measurement error (both right hind foot metrics) also exhibited the greatest interobserver variability.
Significant differences were found in precision (as indicated by the range of measurements per specimen) achieved by the 3 observers for 3 of the metrics (head, right ear, and right hind foot new; Table 3 ). In each case, observer 2 had a significantly greater range of measurements for each specimen. The other 2 observers did not differ significantly from each other.
The number of replicate measurements per metric had a pronounced effect on the size of the interobserver error and the detectability of significant differences in group means (Table 4) . In all cases, Tukey's HSD was largest when only 1 measurement was recorded per specimen. The difference was 75% smaller on average when 2 replicate measurements were taken, and was reduced by a further 21% on average with a 3rd replicate. The average percentage decrease in HSD that resulted from increasing from 1 to 2 replicate measurements was significantly greater than that achieved by increasing from 2 to 3 replicate measurements (F ¼ 261.7, d.f. ¼ 1, 38, P , 0.0001; Figs. 3a and b) . For the specimens, the HSD of the 5 metrics varied in size between the different observers. The right ear metric consistently had the greatest interobserver error associated with it, irrespective of the number of replicates. Size of the HSDs for the right hind foot metrics in the live A. stuartii were comparable with those recorded for the specimens, although the percentage decrease in HSD that resulted from increasing from 1 to 2 replicates was not as large in the live animals (Figs. 3a and b) .
DISCUSSION
We found substantial intraobserver measurement error for all metrics and, in a number of cases, significant interobserver measurement errors also. Although our findings generally agree with conclusions of other studies, ours is the 1st to specifically quantify the magnitude of intra-and interobserver error for any Australian small-mammal species, and highlights the need to explicitly consider measurement error in studies of these species.
Our results prompt us to strongly recommend making repeated measurements on individuals. Inclusion of a 2nd replicate reduced the detectable difference between observers by an average 75%, to less than 2% of the mean for most metrics. It has been suggested that multiple measurements be taken in situations where the temporal or financial cost of increasing the sample size is greater than the increased time required for replicate measurements on each individual (Yezerinac et al. 1992 ). However, we argue that the temporal cost of repeated measurements is generally minor, and that at TABLE 3.-Precision obtained by the 3 observers (Obs.) for Sminthopsis youngsoni, Antechinus stuartii, Mus domesticus, and Notomys alexis for each of the 5 metrics. Precision is estimated by the average range of measurements recorded by each observer for each metric and species. Differences between species and observers for each metric were tested using a model II nested analysis of variance, with species nested within observer and variation among individual specimens used as an estimate of within-observer mean square (MS within least 2 replicates should be taken as a matter of course. In our own experience, once a live specimen is oriented to measure a particular metric, it is straightforward to make a replicate measurement. Bias in the 2nd replicate can be reduced by resetting the calipers between measurements and by not reading the replicate measurement until after the calipers have been removed from the specimen. Any bias in the metric that may result from taking the 2 replicate measurements in quick succession is greatly outweighed by the benefits accruing from making a replicate and the ability to control for measurement error in the subsequent analysis. The intra-and interobserver percentage measurement error we found was largely estimated using immobile laboratory specimens. This will underestimate the magnitude of measurement error in studies using live individuals and thus strengthens our call for the routine use of repeated measurements. Our results also suggest that caution should be taken when pooling or comparing results obtained by different observers. Our observer with the least experience measuring mammals had lowest precision, despite having more than 40 years experience measuring other taxa. The influence of interobserver measurement error was most apparent when using the right ear metric with dasyurid marsupials, and when comparing values obtained for right hind foot or right hind foot new for all species. Care also should be taken when comparing results from small species or individuals, because of the demonstrated negative relationship between the magnitude of measurement error and mean size of the metric. This is of particular concern for taxonomic studies that rely on small differences between metrics to classify populations or species (Gannon et al. 2001; Yezerinac et al. 1992) , and in ecological studies that use the relationship between body mass and foot length as a measure of body condition (for examples see Blackwell 2002; Green 2001; Krebs and Singleton 1993) .
Of the 2 hind foot measurements we made, right hind foot new exhibited the smaller intraobserver percentage measurement error in specimens, was more precisely measured by the 3 observers, and had proportionally smaller interobserver error. The lack of data about variability associated with this metric in live specimens means that we cannot unequivocally recommend the adoption of right hind foot new as the standard hind foot measurement for general morphometric or ecological studies. However, right hind foot new has a number of advantages over right hind foot. For now, we recommend measuring both. This will permit quantification of the magnitude of intra-and interobserver percentage measurement error associated with live specimens for both hind foot metrics, and facilitate the selection of the one that is most precise and accurate.
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